An Er/Yb silicate strip loaded waveguide was fabricated for optical amplification purpose. A 2.4-lm-wide SiO 2 strip was deposited on top of the Er/Yb silicate active layer. Experiment data showed a 5.5 dB signal enhancement in a 7.8-mm-long waveguide pumped by a laser of 372 mW at 1480 nm. The signal is not saturated and can be further enhanced by increasing pumping power and decreasing waveguide loss. The strong red light emission at 660 nm was also observed due to excited state absorption and Yb 3þ participated energy transfer upconversion processes. . 9-13 However, such a high concentration results in upconversion due to near distances of Er ions. An effective strategy to reduce this upconversion is to add ytterbium (Yb) cations into the structure, where they substitute Er ions in the silicate lattice. Meanwhile, it is very known that Yb 3þ , as an efficient sensitizer of Er 3þ at 980 nm excitation wavelength, can absorb more pump power than Er 3þ and lead to strong Er luminescence. Although study on this material has revealed strong infrared light emitting at 1.54 lm because of coexisting Er and Yb ions, 14, 15 Er/Yb silicate waveguide amplifiers were still not reported.
In the past few years, planar waveguide amplifier has attracted more and more interest as a key component in integrated optic circuits. Erbium-doped waveguide amplifiers (EDWAs) receive special attention following the erbiumdoped fiber amplifiers, whose intra-4f transition around 1.53 lm coincides with the low-loss window of standard silica based optical fibers. Various materials have been investigated to fabricate EDWAs including Er 3þ doped aluminum oxide, 1-5 Er 3þ doped phosphate glass, 6 Er 3þ doped phosphate glass, 7 Er 3þ doped silicate, 8 etc. Of these materials, Er 3þ in Er silicate material exists as a major constituent instead of a dopant. This advantage can resolve insolubility problem of Er 3þ and possibly provides high optically active Er 3þ concentration up to 10 22 cm
À3
. [9] [10] [11] [12] [13] However, such a high concentration results in upconversion due to near distances of Er ions. An effective strategy to reduce this upconversion is to add ytterbium (Yb) cations into the structure, where they substitute Er ions in the silicate lattice. Meanwhile, it is very known that Yb 3þ , as an efficient sensitizer of Er 3þ at 980 nm excitation wavelength, can absorb more pump power than Er 3þ and lead to strong Er luminescence. Although study on this material has revealed strong infrared light emitting at 1.54 lm because of coexisting Er and Yb ions, 14, 15 Er/Yb silicate waveguide amplifiers were still not reported.
In this letter, we fabricated Er/Yb silicate waveguides based on polycrystalline Er 0.1 Yb 1.9 SiO 5 thin film. The strong signal enhancement was observed despite relatively high propagation loss and coupling loss. Through further increasing pump power and decreasing waveguide loss, the enhancement can be largely increased. Red light emission was also observed due to upconversion process.
In the experiment, a mixed target was used in sputtering process, which is a mixture of Er 2 O 3 , Yb 2 O 3 , and SiO 2 with a molar ratio of 1:19:20. The composition of the deposited film is close to the molar ratio of the target, which was confirmed by Rutherford backscattering spectra (RBS) and x-ray photoelectron spectroscopy (XPS) measurements. The deposited film has a thickness of 350 nm on SiO 2 substrate and was annealed for 30 min at a temperature of 900 C to form a polycrystalline Er 0.1 Yb 1.9 SiO 5 film. Following the active layer deposition, a 450-nm-thick SiO 2 film was formed by plasma enhanced chemical vapor deposition (PECVD) method. Finally, 2.4-lm-wide SiO 2 strip-loaded waveguides were fabricated and cleaved to a length of 7.8 mm for testing.
To measure signal enhancement, a tunable laser with wavelength range of 1440 nm-1640 nm was used as a signal light source. A polarization controller was employed to ensure the light to be transverse-electric (TE) mode propagating along the waveguide. Fiber-coupled continuous wave 1480 nm laser with a maximum power of 372 mW in the fiber output port was adopted as a pump light source. A multimode fiber was placed closely above the sample and normal to the surface to collect the emitted visible light, which was sent to an iHR550 triple-grating monochrometer. Fig. 1 shows the scanning electron microscopy (SEM) image of Er/Yb silicate strip loaded waveguide. The Er/Yb silicate has a refractive index of about 1.63 using ellipsometer measurement. For this structure, the pumping light at 1480 nm and signal light at 1530 nm can be well confined in the active layer. The inset shows the calculated fundamental TE-mode profile of the signal light source. The calculated core-mode overlap is approximately 0.35. Fig. 2 shows the measured photoluminescence (PL) (black-solid line) and calculated absorption (red-dash line) spectra of Er 0.1 Yb 1.9 SiO 5 film. The PL spectrum with the broadband extending from 1400 nm to 1700 nm and centered at 1533 nm was given. The sublevels of the first excited state do not discriminate clearly, due to the low annealing temperature of 900 C. To ensure the feasibility of efficient 1480 nm pumping, an absorption spectrum was calculated using McCumber theory. 16 By comparing the PL and absorption spectra, it suggests that the absorption cross-section is larger than the emission cross-section in the wavelength range of 1460 nm-1490 nm. This ensures the more pumping absorption of 1480 nm light source.
The optical propagation and coupling loss of the Er 0.1 Yb 1.9 SiO 5 waveguide were measured at 1640 nm, where Er absorption loss is weak and can be neglected. For two straight waveguides with length of L 1 and L 2 , without absorption loss, the insertion loss a i only includes coupling loss (a c ) and propagation loss (a p ). Thus, a i1 and a i2 are written as 2 Â a c þ a p Â L 1 and 2 Â a c þ a p Â L 2 , respectively. The propagation and coupling loss can be determined as
By averaging data from five 4.5-mm-long waveguides and five 7.8-mm-long waveguides, the coupling and propagation losses were determined to be 7.8 dB/facet and 8.1 dB/cm, respectively. It suggests that the large coupling loss comes from facet roughness, which may be significantly reduced through facet polishing. The propagation loss mainly comes from scattering loss induced by the roughness of the waveguide's surface and rough sidewall, as well as the nonuniform distribution of refractive index caused by the polycrystalline nature of the Er 0.1 Yb 1.9 SiO 5 .
To describe signal enhancement trend, different pumping powers were applied to measure the transmission spectrum for the fixed signal intensity. Fig. 3(a) shows the transmission spectra through a 7.8-mm-long waveguide at 1515 nm-1580 nm wavelength range for 1480 nm pump power of 0 mW (pump off), 38 mW, 131 mW, 218 mW, 299 mW, and 372 mW, respectively. Under the pump-off condition, the rip is about 10.6 dB offset by intensity at 1580 nm where the absorption loss is about 1 dB.
With increasing pump power, the rip depth decreases quickly, in accordance with anticipation of increasing signal enhancement due to absorption loss reduction resulting from the decrease of ground state population. Fig. 3(b) shows the 1533 nm signal light enhancement as a function of pump power. Despite large coupling and propagation loss, a 5.5 dB signal enhancement was observed in the as-fabricated waveguides at the pump power of 372 mW. The curve shows that the signal enhancement keeps linearly increasing even at the maximum pump power. With higher pump power or pumping at forward and backward of the waveguide simultaneously, the signal enhancement can be further increased. To characterize the enhancement for different wavelength, an enhancement spectrum in the range of 1515 nm-1580 nm for the fixed pump power of 372 mW was shown in the inset of Fig. 3(b) . Just as that shown in Fig. 2 , PL peak and absorption dip reasonably appear at the same wavelength of 1533 nm. For the wavelength with little absorption such as 1580 nm, the enhancement effect is relatively small.
Through optimizing Er/Yb silicate waveguide fabrication process, the propagation and coupling losses can be further decreased. Coupling loss of 3.5 dB/facet is expected by mechanically polishing as similar Er/Y silicate waveguide system. 8 Reduction of sidewall and surface roughness is an important way to decrease the propagation loss. Of course, substrate heating during the film deposition process can minimize defect and partly decreases propagation loss. 5 Given low coupling and propagation losses, larger optical gain is expected. 
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materials system. To characterize this property, an upconversion light emission spectrum at visible light range was measured, which is shown in Fig.  4(a) . The strong light emission at 660 nm was observed, corresponding naked-eye observed red light in the experiment, which is different from previous reported green light emission in Er doped other materials. 3, 5, 8 Fig. (4b)-(i) shows the Er 3þ energy levels involved in upconversion emission. Fig.  (4b)-(ii) Fig. 4(a) . Ultraviolet emission at 410 nm is a more complicated process involving a crossrelaxation process between 4 I 11/2 and 4 F 9/2 states. The energy exchange between these two states brings population of the 2 H 9/2 state, which emits 410 nm ultraviolet light shown in Fig. (4b)-(vi) . In addition, Yb 3þ participated ETU from 4 F 9/2 state also explains the 410 nm light emission shown in Fig.  (4b)-(vii) . This process is similar to Fig. (4b)-(v) . Er ions can get energy from excited Yb ions and jump to 2 H 9/2 state to emit 410 nm light.
In conclusion, a 2.4-lm-wide SiO 2 strip was fabricated on active Er 0.1 Yb 1.9 SiO 5 layer with propagation and coupling losses of 8.1 dB/cm and 7.8 dB/facet, respectively. A 5.5 dB enhancement was observed in a 7.8-mm-long waveguide, which has a potential to be further enhanced through increasing pumping power and decreasing propagation and coupling losses. It indicates the Er/Yb silicate waveguide is sought candidate for compact waveguide amplifiers in silicon photonics integration. The strong red light emission at 660 nm was observed, which comes from ESA and Yb 3þ participated ETU processes. 
